Antigen presentation is a critical step in the activation of naïve T lymphocytes. In mammals, dendritic cells (DCs), macrophages, and B lymphocytes can all function as antigen presenting cells (APCs). Although APCs have been identified in zebrafish, it is unclear if they fulfill similar roles in the initiation of adaptive immunity. Here we review the characterization of zebrafish macrophages, DCs, and B cells and evidence of their function as true APCs. Finally, we discuss the conservation of APC activity in vertebrates and the use of zebrafish to provide a new perspective on the evolution of these functions.
Introduction
Nearly all mammalian cells are capable of presenting antigen, but three groups of cells are considered to be professional antigen presenting cells (APCs): macrophages, dendritic cells (DCs), and B cells (reviewed in Trombetta and Mellman (2005) ). APCs are specialized in their ability to uptake, process, and present antigen to naïve T cells. A defining feature of APCs is their constitutive expression of major histocompatibility complex (MHC) class II molecules, which are required for the presentation of antigen to http://dx.doi.org/10.1016/j.dci.2014.03.010 0145-305X/Ó 2014 Published by Elsevier Ltd.
T cell receptors on CD4 + T cells. Upon activation, APCs also express co-stimulatory molecules necessary for naïve T cell priming and secrete cytokines that direct effector T cell differentiation. Although APCs participate in innate immunity, the most significant impact of APC activity in mammals is the initiation of adaptive immune responses and subsequent acquisition of immunological memory. Macrophages are proficient in the uptake of antigen and production of inflammatory cytokines upon stimulation, and are also important in the clearance of apoptotic cells and production of growth factors in the absence of infection. DCs were first characterized based on their distinctive branched morphology (Steinman and Cohn, 1973) . In addition to key morphological differences between DCs and macrophages, DCs are unparalleled in their ability to interact with T cells in secondary lymphoid tissues, which results in either the reinforcement of T cell tolerance or activation of naïve T cells (Nussenzweig and Steinman, 1980; Steinman, 2007) . Thus, DCs are considered to be the primary APC type in mammals.
B cells are developmentally and functionally distinct from the myeloid APCs. They internalize specific antigens through B cell receptor (BCR)-mediated endocytosis (reviewed in Yuseff et al. (2013) ). Signaling through the BCR induces changes that facilitate antigen presentation, proliferation and affinity maturation of secreted antibodies, which results in highly specific B cells that may persist as memory B cells.
The zebrafish (Danio rerio) has recently emerged as a novel model system to study the immune system. In comparison to mammalian models, zebrafish are easy to genetically manipulate, highly prolific, and inexpensive to maintain in large numbers. Due to their embryonic transparency and external development, the use of zebrafish permits live visualization of developmental processes and cellular interactions without physiological disruption of tissues and organs. These features make zebrafish a potentially useful model for the study of immunological processes. In addition, the validation of zebrafish as a model to study immune responses will allow us to exploit additional powerful tools, including forward genetic and pharmacological screens.
MHC class II-expressing macrophages (Lieschke et al., 2001; Wittamer et al., 2011) and B cells (Page et al., 2013) have been characterized and demonstrated to fulfill similar roles in zebrafish as their mammalian counterparts. However, many questions about APCs in zebrafish remain unanswered. Since CD4 + T cells have not been functionally characterized in zebrafish, it is unclear if the classical paradigm of MHC class II presentation persists in zebrafish. Additionally, neither lymph nodes nor other secondary lymphoid organs have been identified in zebrafish. Therefore, it remains unclear if DCs, the primary inducer of adaptive immunity in mammals, function equivalently in zebrafish. Finally, memory B and T cells have not been identified and the existence of immunological memory has not been conclusively documented in zebrafish. Thus, it remains uncertain to what extent APCs, adaptive responses, and immunological memory contribute to the overall immunity of zebrafish. Combined with APC studies using other teleost species, including medaka, carp, cod, catfish, trout, and salmon, a clearer picture of the conserved elements of vertebrate APC ontogeny and function has emerged. This review outlines the similarities and differences between mammalian and zebrafish macrophages, DCs, and B cells, and highlights some of the outstanding questions in teleost and mammalian APC biology. In particular, we discuss the advantages of the zebrafish model for the investigation of the development and function of APCs. Finally, we place zebrafish APCs within an evolutionary context and discuss their potential use in studies of adaptive immunity.
MHC class II antigen presentation in zebrafish
MHC class II is made up of two membrane-bound glycoprotein chains, termed a and b. Humans have three classical MHC class II genes: HLA-DR, -DP, and -DQ. These genes are located within the MHC locus, which contains the tightly linked classical and nonclassical MHC class I and II genes, and many other genes involved in antigen processing, antigen presentation, and immune function. Zebrafish MHC genes are located on different chromosomes, likely due to multiple translocation events that occurred in teleosts (Sambrook et al., 2005; Sato et al., 2000; Dijkstra et al., 2013) . A number of MHC class II genes have been identified, but many of these appear to be pseudogenes (Sultmann et al., 1994; Dijkstra et al., 2013) . Of the three MHC class II A loci and six MHC class II B loci identified (encoding a and b chains, respectively), only mhc2dab, mhc2deb, mhc2daa and mhc2dea contain a complete set of exons (Sultmann et al., 1994; Graser et al., 1998) . A helpful chromosomal map of zebrafish MHC genes and their paralogs can be found in Sambrook et al., 2005 . Notably, mhc2dab and human MHC class II genes contain conserved upstream regulatory sequences. Hence, although there is no single MHC locus in zebrafish, MHC class II genes and promoters are highly conserved in vertebrates.
The constitutive expression of MHC class II on APCs to be conserved in zebrafish. Mhc2dab transcript is abundant in the zebrafish spleen and kidney, two sites containing hematopoietic cell lineages (Wittamer et al., 2011) . Furthermore, mhc2dab is expressed in macrophages, dendritic cells, and B cells, but not in T cells (Wittamer et al., 2011) . In mammals, several additional cell types express MHC class II, including thymic epithelial cells (TECs), which mediate positive selection of developing thymic T cells (Marrack et al., 1988) . Accordingly, TECs in zebrafish also express MHC class II (Wittamer et al., 2011) .
MHC class II assembly occurs in the endoplasmic reticulum (ER). The a and b chains fold to form a dimer containing an open peptide-binding groove, which is bound by the membrane-anchored invariant chain. The invariant chain prevents intracellular peptides from binding the peptide-binding groove and directs the MHC class II molecule to an endosomal compartment. Proteases in endolysosomes cleave the invariant chain, leaving a peptide termed the MHC class II-associated invariant chain peptide (CLIP) in the peptide-binding groove. The non-classical MHC class II molecule HLA-DM facilitates the exchange of CLIP for an externally derived high affinity peptide (reviewed in Blum et al. (2013) ). The MHC class II-associated invariant chain has been identified in teleosts (Yoder et al., 1999) , however, they lack an HLA-DM homolog, suggesting an alternative mechanism for the removal of CLIP from the MHC class II peptide-binding groove (Dijkstra et al., 2013) . Thus, although there is much conservation between zebrafish and mammals, certain processes are likely specific to teleosts. Further studies elucidating mechanisms of MHC class II folding, and antigen processing and presentation will uncover conserved elements and inform in what way the zebrafish can be used as an immunological model. Of note, Atlantic cod have lost their MHC class II, CD4, and invariant chain genes. However, presumably to compensate for the loss of MHC class II, the cod has greatly expanded the number of MHC class I gene loci and its innate immune receptor repertoire (Star et al., 2011 
Zebrafish macrophages and DCs

Identification of macrophages
Zebrafish macrophages were first observed as phagocytic amoeboid cells on the yolk ball of developing embryos (Herbomel et al., 1999) . They were initially distinguished from other cells types based on their morphology and differential expression of genetic markers in fixed tissues. For example, embryonic and larval macrophages can be distinguished from neutrophils by in situ hybridization to csf1r/fms transcript, which encodes MCSFR, a receptor that highly expressed in zebrafish and mammalian macrophages (Parichy et al., 2000) . Additionally, macrophages produce low levels of myeloid peroxidase, a myeloid-specific peroxidase that can be detected histologically and is highly expressed in neutrophils (Lieschke et al., 2001) .
Transgenic tools have been instrumental in the characterization of zebrafish leukocytes due to the lack of antibodies available for use in phenotyping zebrafish cell lineages. As they permit the live visualization of cells without physical disruption of tissues, transgenic lines are also useful for real-time imaging and fate-mapping experiments. Several transgenic lines are available to visualize macrophages during the early development of zebrafish (Table 1) . Fluorescent reporters under the control of the lyz promoter faithfully mark lysozyme C-expressing cells, which include macrophages and granulocytes (Hall et al., 2007) . As Pu.1 (Spi1) is a known regulator of myeloid and lymphoid lineages (Klemsz et al., 1990; Scott et al., 1994) , an eGFP reporter for pu.1 expression (pu.1:eGFP) accordingly marks lymphoid and myeloid fractions, including macrophages in zebrafish (Hsu et al., 2004) . Finally, by discriminating between different levels of myeloperoxidase expression in mpx:eGFP fish, macrophages (GFP lo ) can be distinguished from neutrophils (GFP hi ) at early larval stages (Mathias et al., 2009 ). However, none of these reporters is specific to macrophages.
A number of genes are enriched in zebrafish macrophages, including mpeg1, whose expression is highly specific to macrophages in mammals. The mpeg1-promoter driven eGFP transgene preferentially marks macrophages in comparison to neutrophils in embryos and larvae up to 7 dpf, but its expression is not restricted to the macrophage lineage in adults (Ellett et al., 2011) . It is also not clear if mpeg1 is expressed in zebrafish DCs.
Identification of DCs
DCs were originally distinguished in mammals as cells with a distinct stellate morphology and later functionally defined as the most potent initiators of the adaptive immune response (Steinman and Cohn, 1973; Nussenzweig and Steinman, 1980) . Upon encounter with antigen, DCs migrate to the T cell areas of local lymph nodes and other lymphatic tissues. A hallmark feature of DCs that distinguishes them from other MPs is the interaction of DCs with T cells in these organized lymphatic areas, which results in highly efficient priming of T cells.
Many different types of DCs have been identified in mammals based on divergent functional characteristics. The ''classical'' or ''conventional'' DCs have been historically subdivided into two subsets: CD8 À (CD11b + ) DCs, which engage in conventional antigen presentation of external antigen upon MHC class II molecules and internal antigen upon MHC class I receptors, and CD8+ DCs (and related CD103 + DCs in non-lymphoid tissues), which are thought to specialize in cross-presentation, or the presentation of processed external antigen on MHC class I molecules rather than MHC class II molecules (Hildner et al., 2008; Edelson et al., 2010) . Plasmacytoid DCs (PDCs), a lineage of non-classical DCs, are specialized in the secretion of type I interferon and are important in the defense against acute and chronic viral infections (Reizis et al., 2011; Cervantes-Barragan et al., 2012) . Cells that morphologically resemble classical DCs have been identified in several teleost species, including rainbow trout (Bassity and Clark, 2012), medaka (Aghaallaei et al., 2010) , and Atlantic salmon (Haugland et al., 2012) . Zebrafish cells with dendritic morphology have been isolated from kidney marrow, a hematopoietic site akin to the mammalian bone marrow, based on their affinity for peanut agglutinin (PNA) (Lugo-Villarino et al., 2010) . PNA hi DC-like cells display similar characteristics to mammalian DCs as revealed by multiple cellular stains (Fig. 1) . Differential PNA staining was also examined using an eGFP reporter for myeloperoxidase expression (mpx:eGFP). PNA hi GFP-negative myeloid cells isolated from adult kidneys revealed enriched expression of DC-related genes, including il12p40, csf1r, and iclp1 (encoding the invariant chain of the MHC class II complex). Furthermore, DC-like cells were shown to efficiently phagocytose labeled bacteria and exhibited Page et al. (2013) antigen-specific T cell priming capacity in vitro (Lugo-Villarino et al., 2010) . Currently there are no transgenic tools available for the specific identification of DCs in zebrafish. However, a transgenic line that uses the regulatory region of the MHC class II dab gene (mhc2dab) to drive fluorescent reporter expression has been helpful in the characterization of multiple zebrafish APCs (Wittamer et al., 2011) . When used in concert with a CD45 reporter line that distinguishes hematopoietic cells (cd45:DsRed), double positive (CD45 + ; MHC2dab + ) myeloid cells were shown to contain a mixture of cells with either macrophage-like or DC-like morphologies and enriched expression of MP-related genes (Wittamer et al., 2011) . Importantly, although the cd45 transcript is detected in zebrafish B cells, the promoter/enhancer sequences used in the cd45:DsRed transgene do not activate marker transcription in zebrafish B cells. Therefore, use of this double transgenic line effectively distinguishes myeloid APCs from all other lineages. Unlike other APClabeling transgenic lines, specific mhc2dab:eGFP expression within hematopoietic lineages is maintained throughout adulthood. This has enabled the characterization of zebrafish APCs from a variety of adult tissues, including the kidney marrow, spleen, skin, and gut ( (Wittamer et al., 2011) and Fig. 2A ). Morphological examination of the myeloid APCs in these tissues has revealed a tissuespecific distribution of DC-like cells. In particular, DC-like cells were found to be most abundant in the skin. Studies to further characterize zebrafish DCs and identify potential subsets of DCs have been limited by the lack of specific markers for their prospective identification. Additional tools are needed to probe the in vivo functions of DCs in zebrafish, including their activity during infections and in other immune-mediated processes such as tolerance, autoimmunity, and tumor immunity.
Development of the mononuclear phagocyte system
Macrophages and DCs belong to a larger class of mononuclear phagocytes (MPs), which includes monocytes, macrophages and DCs. Monocytes are circulating blood cells that produce inflammatory cytokines and differentiate into macrophages or DCs upon activation. They also mediate homeostatic processes in the steady-state. Although they are related to other MPs, monocytes do not express high levels of MHC class II (Van Voorhis et al., 1983) , and are not considered to be major antigen-presenting cells. Zebrafish monocytes have not been formally characterized, and it is currently unknown if they play similar roles in homeostatic and immune processes or serve as precursors of MPs.
Our understanding of the pathways and precursors involved in the development of monocytes, macrophages, and DCs has undergone major revisions since the MP system was first described. It was long thought that monocytes serve as a major precursor to both DCs and macrophages. Although during infection, the activity of classical DCs is augmented with monocyte-derived inflammatory DCs, including TNF-and inducible nitric oxide synthase (iNOS)-producing DCs (Tip-DCs), DCs are not usually derived from monocytes under steady-state conditions (Naik et al., 2006) . In the absence of infection, murine DCs develop from preDCs in the spleen and other organs (Liu et al., 2009 ). There is currently very little known about zebrafish DC development, in part due to the lack of tools for their identification. It will be interesting to determine if zebrafish DCs arise through similar pathways as mammalian DCs under steady-state and inflammatory conditions and if zebrafish possess analogous differentiated subsets of DCs in lymphoid and non-lymphoid tissues. It was also originally thought that all MPs differentiated from an HSC-derived common macrophage and DC progenitor (MDP). However, recent evidence suggests that several MP populations may originate from embryonic precursors and are maintained in adulthood without contribution from HSCs (Ginhoux et al., 2010; Schulz et al., 2012) . Due to their early optical transparency, extra-utero growth, and well-characterized embryonic development, studies in zebrafish may help to resolve many unanswered questions about the contribution of embryonic precursors to adult MP lineages and the ontogeny of the MP system.
Macrophages are the earliest known immune cell type to arise during piscine and mammalian development. Primitive, or yolk sac macrophages, first appear in the yolk sac of zebrafish embryos within 24 hpf (Herbomel et al., 1999) and by E8 (Bertrand et al., 2005) in murine embryos. These cells have been observed to engulf apoptotic erythroblasts, eliminate pathogens during bacterial challenge, and migrate to sites of infection in the developing zebrafish embryo, suggesting that primitive macrophages participate in both homeostatic and immune processes (Herbomel et al., 1999) .
Primitive macrophages have been implicated as precursors of microglia, a unique APC that resides in the brain. Though microglia are functionally and morphologically aligned with the macrophage lineage, fate-mapping experiments in mice have demonstrated that microglia arise from precursors that seed the brain before the development of the blood-brain barrier (Ginhoux et al., 2010) . Concordantly, zebrafish yolk sac macrophages have been observed to colonize the brain and differentiate into cells that resemble microglia by 60 hpf (Herbomel et al., 2001) . We have observed microglia-like cells in the brains of adult zebrafish using our cd45:DsRed and mhc2dab:eGFP double transgenic reporter line (Fig. 2B ). It will be interesting to determine if the origin of these cells can also be traced to yolk sac precursors, which would suggest an evolutionary conservation of microglia origin. Zebrafish primitive macrophages have also been observed to migrate to other peripheral tissues, including the epidermis at 24-48 hpf (Herbomel et al., 2001 ). This observation corresponds to findings that primitive macrophages may give rise to an epidermal APC in the mouse. Langerhans cells (LCs), a specific DC-like cell found in the epidermis, are thought to first develop from embryonic macrophages, but are gradually replaced by fetal liver monocytes (Hoeffel et al., 2012) . Additionally, recent evidence suggests that a number of peripheral tissues are at least transiently colonized by yolk sac-derived precursors (Schulz et al., 2012) .
Subsequent fate-mapping studies in mice have demonstrated that several tissue-resident macrophages are maintained into adulthood without contribution from circulating monocytes (Yona et al., 2013; Hashimoto et al., 2013) . These studies indicate that microglia are not the only MP population that is seeded by embryonic or prenatal precursors and maintained independently of HSCs. However, it remains unclear how long these lineages persist in adults, and, except in the case of microglia, which presumably must be seeded before the blood-brain barrier is formed, the significance of this early colonization and distinct origin is not certain.
Further insights into the origin of MPs may be gained by examining the signaling pathways required for their development. The MCSF receptor (MCSFR) is associated with the development of macrophages, and MCSFR-deficient mice lack macrophages (Dai et al., 2002) . However, circulating monocytes are present in MCSFR-deficient mice, suggesting either that MCSFR signaling is required for the monocyte to macrophage transition, or that monocytes do not necessarily serve as a major macrophage precursor (Ginhoux et al., 2010) . Interestingly, primitive macrophages were observed to develop and function normally, but failed to migrate out of the yolk sac in zebrafish panther mutants, which lack functional MCSFR (Herbomel et al., 2001 ). Both yolk sac macrophages and microglia failed to form in MCSFR-deficient mice, indicating that at least microglial dependence on MCSFR is conserved across species (Ginhoux et al., 2010) .
Recent studies in mice have challenged the notion that macrophages originate from adult monocytes, proposing instead that many tissue-resident macrophages arise from precursors that are seeded prior to birth and maintained without contribution from adult HSCs. With a well-developed arsenal of fate-mapping tools and their amenability to live imaging, zebrafish may prove to be an exceptional model to gain further insights into the origin of peripheral tissue macrophages.
Zebrafish B cells
B cell identification and characterization
B lymphocytes express MHC class II, can efficiently internalize antigen through B cell receptors (BCRs), and are able to locate and interact with reactive CD4 + T cells in secondary lymphoid organs. BCRs have the potential to recognize a vast array of foreign antigens, and upon BCR cross-linking, immature B cells can differentiate into plasma and memory cells, providing immediate pathogen-specific antibodies and long-lasting immunological memory. Mammals express five immunoglobulin isotypes (IgM, IgD, IgG, IgE, and IgA), each of which has a distinct role determined by its constant region. For example, whereas IgG is found in high titers in serum, IgA is the principal antibody that mediates mucosal immunity. Three immunoglobulin heavy chain (IgH) isotypes have been identified in zebrafish: l, d, and f, corresponding to IgM, IgD, and IgZ, respectively. As in mammals, IgM and IgD can be expressed on the same B cell in channel catfish (Edholm et al., 2010) , but it is unclear if zebrafish B cells similarly co-express these two immunoglobulins.
The IgZ (IgT in trout) isotype is unique to teleosts. The f locus, with its own D and joining (J) exons, is embedded between the variable (V) and diversity (D) exons used by the l and d isotypes (Danilova et al., 2005) . Hence, the expression of IgM/D may exclude IgZ expression, as the f gene segment is excised from the genome during IgM/IgD VDJ recombination. There are no additional isotypes downstream of the d locus or switch regions present in the zebrafish heavy chain locus, both of which are present and required for class switch recombination (CSR) in amphibians and higher vertebrates (reviewed in Stavnezer and Amemiya (2004) ). Despite the absence of CSR in zebrafish, they and other teleosts express an orthologue of activation-induced deaminase (AID) that is able to catalyze CSR when expressed ectopically in murine B cells (Barreto et al., 2005; Conticello et al., 2005) .
It is suggested that the various IgM species observed in teleosts (monomers, dimers, trimers, tetramers, with varying degrees of cross-linking) and post-translational modifications may result in different IgM effector functions, analogous to the multiple antibody isotypes present in mammals (Costa et al., 2012) . Hence, zebrafish may employ alternative processes to CSR in order to carry out specific effector functions. Finally, IgT seems to be specialized for mucosal immunity in trout (Zhang et al., 2010) . Thus, immunoglobulin specification appears to have arisen in at least one teleost species independently of CSR. Whether or not zebrafish IgZ has a role in mucosal immunity is currently unknown.
B cell development
Upon specification, mammalian hematopoietic stem cells (HSCs) populate the fetal liver, an intermediate site of hematopoiesis and B cell development. As the organism matures, the site of hematopoiesis and B cell development shifts to the bone marrow, and remains there throughout adulthood. In the zebrafish, newly specified HSCs seed the caudal hematopoietic tissue, a short-lived site of hematopoiesis analogous to the mammalian fetal liver. HSCs subsequently seed the kidney marrow, which is the site of hematopoiesis and B lymphopoiesis in the adult teleost.
Several studies have indicated that zebrafish B cells develop around 2-3 wpf. Zebrafish Ig light chain (IgLC) transcript levels are low, but can be detected as early as 3 dpf by RT-PCR analysis; levels dramatically increase by 3 wpf (Lam et al., 2004) . Rag1 and IgLC are first detected in the zebrafish kidney by 2 and 3 wpf, respectively, as assessed by in situ hybridization to tissue sections (Lam et al., 2004) . Also, although rearranged l genes can be detected by PCR as early as 4 dpf, membrane-bound and secreted IgM are not detected by RT-PCR until 7 and 13 dpf, respectively (Danilova and Steiner, 2002) . Ig protein is not detected until 4 wpf (Lam et al., 2004) . Additionally, zebrafish did not mount a measurable primary humoral response to formalin-killed Aeromonas hydrophila until 7 wpf, and a modest secondary response was not observed until 10 wpf (Lam et al., 2004) . Hence, zebrafish B cells begin to undergo VDJ recombination at 4 dpf, are detected in the kidney by 3 wpf, and are capable of mounting primary responses by 7 wpf and secondary responses by 10 wpf.
Surprisingly, Danilova and Steiner identified the pancreas as an early site of zebrafish B cell lymphopoiesis, visualizing rag1 and igl transcript in the pancreas at 4 and 10 dpf, respectively, by whole mount in situ hybridization (Danilova and Steiner, 2002) . However, we were unable to observe pancreatic B cells between 4 and 10 dpf using a transgenic fish we generated that labels IgM + B cells (Page et al., 2013) . Our data suggest that there may be either shifting sites of B cell emergence, or multiple sites throughout the lifespan of the animal. The former explanation is analogous to mammalian B cell development, which begins in the fetal liver and then shifts to the bone marrow. A number of important transcription factors that are involved in the development and egress of immature mammalian B cells appear to be well conserved in zebrafish. The zinc-finger transcription factor Ikaros is expressed in HSCs and required for B and T cell development in mammals (Wang et al., 1996; Georgopoulos et al., 1994 ). An Ikaros homolog has been identified in zebrafish, and, as in mammals, it is expressed at the site of HSC emergence and the thymus of developing zebrafish (Willett et al., 2001) . Functional studies have revealed a conserved role for Ikaros in zebrafish and mammals. A loss-of-function Ikaros mutant in mice results in the absence of fetal B and T cells, and postnatal B cells (Wang et al., 1996) . A zebrafish mutant expressing a similarly truncated Ikaros protein was generated and was also lacking in both larval IgZ + B
and T cells, and IgZ + B cells in the adult, indicating that a conserved program for lymphocyte development exists among mammals and zebrafish (Schorpp et al., 2006) . Notably, IgM + B cells were less affected by the Ikaros truncation compared to IgZ + B cells (Schorpp et al., 2006) . This differential requirement for Ikaros suggests that IgM + and IgZ + B cell lineages may be divergently regulated.
The transcription factor Pax5 is involved in fate determination during early B cell development. Blimp1 and Xbp1 are transcription factors active in terminally differentiating B cells. Homologues of all three genes have been isolated in zebrafish [reviewed in Zwollo (2011)] . Zebrafish Xbp1 appears to be functionally similar to mammalian Xbp1, as zebrafish Xbp1 was activated and upregulated genes involved in ER stress in response to tunicamycin (an N-glycosylation inhibitor and inducer of ER-stress) in a zebrafish cell line (Hu et al., 2007) .
E2A is a helix-loop-helix transcription factor, a member of the E-protein family (which also includes HEB and E2-2), and is involved in mammalian B cell development and CSR. E2A has not been identified in zebrafish, but an E2A homolog has been identified in catfish (Hikima et al., 2005) . However, alternative E proteins may compensate for E2A function in teleost B cells. For example, the HEB homolog CFEB1 induces greater activation of a reporter containing an IgH enhancer compared to E2A in a catfish B cell line (Hikima et al., 2005) . Overall, the function of transcription factors at multiple stages of B cell development appears to be conserved between zebrafish and mammals. Further characterization of transcription factors specific to zebrafish B cells may prove to be useful in generating novel transgenic lines that label the various developmental stages of B cells.
Generation of diversity
The early B cell repertoire is created by combinatorial VDJ rearrangement and junctional diversity. The repertoire further diversifies during an immune response by clonal expansion and somatic hypermutation (SHM). A methodical study examined the VDJl repertoire in zebrafish (Jiang et al., 2011) . Similar to mammals, young (2 wpf) zebrafish have limited repertoires (200 out of a possible 975 VDJl combinations). Additionally, an identical core group of VDJ combinations are used between fish, suggesting that the initial repertoire is, to some extent, pre-determined (Jiang et al., 2011) . By 3 wpf, about 700 combinations are observed per fish. As the fish aged, the presence of mutated VDJ segments increased, indicative of somatic mutation. Examining the evolution of the immune repertoire through the developmental stages of an organism is a daunting task in mice, as there the combinatorial potential of the heavy chain is over 15,000. However the combinatorial potential for the VDJ region of the zebrafish l gene is only 975. Thus, the zebrafish may be an attractive model to examine the development of the antibody repertoire.
Mammalian B cells expand, undergo SHM, affinity maturation, and CSR in the germinal centers of secondary lymphoid organs. The germinal center reaction gives rise to high affinity antibodysecreting plasma cells and long-lived memory B cells (reviewed in MacLennan (1994) ). Zebrafish and other teleosts lack lymph nodes and fail to form robust germinal centers. As mammalian plasma and memory B cells primarily develop in germinal centers, it is of interest to understand how the teleost is able to promote humoral responses and the extent of their secondary responses.
Teleost B cells undergo many of the same processes that occur in mammalian germinal centers even though they do not form robust germinal centers. Rainbow trout IgM+ and IgT+ B cells undergo splenic clonal expansion in response to systemic viral infection (Castro et al., 2013) . Although teleost B cells do not class switch, SHM of immunoglobulin genes is evident in zebrafish (Marianes and Zimmerman, 2011; Jiang et al., 2011) and channel catfish (Yang et al., 2006) . Additionally, affinity maturation has been measured in rainbow trout, although antibody affinities increase marginally compared to the logarithmic increases that are measured in mammals (Cain et al., 2002; Kaattari et al., 2002; Ye et al., 2011) .
Notably, the generation of germinal centers is not an absolute requirement for affinity maturation in mice. Lymphotoxin-a-deficient (LTa À/À ) mice do not produce germinal centers and lack organized follicular DC (FDC) clusters. However, LTa À/À mice immunized with a high antigen dose undergo CSR, and produce high affinity antibodies to the same extent as immunized WT mice (Matsumoto et al., 1996) . It is not clear if dispersed FDCs, or another cell type, mediate affinity maturation in these mice. Finally, it has been suggested that clusters of splenic AID-expressing cells found in association with melano-macrophages (a cell type capable of retaining whole antigen on its surface) may represent ''primordial germinal centers'' in channel catfish (Saunders et al., 2010) . The igm:eGFP (Page et al., 2013) and blimp1:eGFP (Elworthy et al., 2008) zebrafish can be used to begin to elucidate the requirements, locations, and cells involved in the generation of zebrafish memory and plasma B cells (Page et al., 2013) .
Zebrafish B cell phagocytosis
Unexpectedly, rainbow trout and catfish IgM + B cells were shown to be able to phagocytose latex beads and bacteria (Li et al., 2006) . Moreover, the B cells could also kill internalized bacteria. Additional studies revealed that catfish, Atlantic cod, and Atlantic salmon IgM + B cells could also phagocytose particles in vitro (Overland et al., 2010; Li et al., 2006) . Zebrafish IgM + B cells, however, had little phagocytic capacity for either beads or bacteria (Page et al., 2013) , suggesting teleost B cells are not equally phagocytic.
Following observations of the phagocytic capacity of certain teleost B cells, it was recently demonstrated that murine B-1 cells from the peritoneal cavity also had phagocytic and bactericidal properties (Parra et al., 2012) . In addition, peritoneal cavity B-1 cells were able to process and present ingested antigen to CD4 + T cells (Parra et al., 2012 (Sunyer, 2013) . The recent finding of phagocytic mammalian B-1 cells highlights the importance of continuing efforts to better characterize the immune cells of lower vertebrates for a more complete understanding of the mammalian immune system.
The function of APCs in zebrafish
Little is known about the activity of zebrafish APCs during infection and other immune-mediated processes, including tolerance, autoimmunity and tumor immunity. In fact, the importance of T cell priming and adaptive immune-mediated protection has never been conclusively demonstrated in zebrafish. Due to their optical transparency and ease of genetic manipulation in the embryonic and larval stages, most studies on the function of APCs have focused on their role in innate immunity during early development. These studies have led to significant advancements, particularly in the understanding of mycobacterial infection. However, very few studies have examined the role of APCs in adult zebrafish. The development of transgenic tools that reliably label APCs in adults, including mhc2dab:eGFP and igm:eGFP, has aided in the characterization of APCs in adult organs. These tools can be used to further visualize immune cell interactions, including antigen presentation, and to test the role of adaptive immunity in zebrafish.
APCs in innate and adaptive immune responses
The activity of zebrafish APCs has been best characterized during early life, before pigment formation obstructs facile observation. However, as the adaptive immune system does not fully form until at least 2-3 weeks post fertilization, these studies have necessarily focused on the role of APCs in innate immune responses. Primitive macrophages have been observed to phagocytose apoptotic cells, clear bacteria, and migrate toward sites of bacterial injection (Herbomel et al., 1999) . Larval macrophages and neutrophils migrated to the site of Streptococcus iniae infection and both cell types were observed to actively phagocytose bacteria (Harvie et al., 2013) . Targeted depletion of myelo-erythroid cells, including neutrophils and macrophages, in pu.1 morphants, led to increased susceptibility to S. iniae infection.
The role of macrophages during Mycobacterium marinum infection of zebrafish embyros and larvae has been extensively studied. Infection with M. marinum, a close relative of Mycobacterium tuberculosis, causes macrophages to aggregate into structures that closely resemble the hallmark granulomas that form in the lungs of tuberculosis patients (Pozos and Ramakrishnan, 2004) . As this process has been poorly modeled in mice, zebrafish have become an invaluable tool for the study of granuloma formation and innate immune responses in tuberculosis.
Macrophages rapidly migrate to sites of mycobacteria injection (Clay et al., 2007) . This migration was shown to be specific to the presence of bacteria, as injection of latex beads did not provoke a similar response. Although neutrophils are capable of uptaking bacteria, macrophages were shown to be the major cell involved in phagocytosing M. marinum during the initial stages of infection. Bacterial load was significantly expanded, but restricted to the site of infection in the absence of macrophages, indicting that macrophages initially inhibit M. marinum growth, but also inadvertently disseminate the pathogen to other tissues (Clay et al., 2007) .
Activated immature B cells can differentiate into memory B cells during a primary immune response. Memory B cells mediate quicker and more robust secondary immune responses upon reexposure to antigen, the hallmarks of mammalian adaptive immunity. In general, teleost secondary B cell responses appear to be slightly quicker and marginally more robust compared to primary responses (Lam et al., 2004; Arkoosh and Kaattari, 1991; Trump and Hildemann, 1970) . The common carp may be an exception among teleosts with significantly more robust response to secondary immunizations (Rijkers et al., 1981; Lamers et al., 1985) .
We found that zebrafish immunized with a soluble antigen do not exhibit a shorter lag phase or more robust secondary response as assessed by the number or percentage of IgM + B cells (Page et al., 2013) . However, antibody titers were not measured in this study. Furthermore, the participation of IgZ + B cells in secondary responses was not evaluated.
Although it has been well demonstrated that teleost B cells proliferate and secrete pathogen-specific antibody (Zhang et al., 2010; Xu et al., 2013; Cain et al., 2002; Castro et al., 2013; Chinchilla et al., 2013) , the importance of humoral immunity in controlling infections in zebrafish is unclear. For example, zebrafish B cells appear to have little to no role in the response against Edwardsiella tarda . Additionally, Rag1 À/À zebrafish, which lack functional T and B cells, immunized with Edwardsiella ictaluri demonstrate greater survival against subsequent specific challenge compared to non-immunized fish (Petrie-Hanson et al., 2009; Hohn and Petrie-Hanson, 2012) . Thus, zebrafish may be capable of mounting an acquired immune response in the absence of B and T cell activity. Overall, experimental settings where B cell and immunoglobulin responses are measured indicate that, in comparison to mammalian B cells, teleost B cells respond more slowly to initial challenge with antigen and undergo little to no affinity maturation, but can mount weak secondary responses (Arkoosh and Kaattari, 1991; Cain et al., 2002; Trump and Hildemann, 1970) .
The activity of zebrafish APCs at environmental interfaces
APCs in intestinal immunity
The mammalian intestinal immune system is comprised of multiple tissue-specific and circulating immune cell types. There are two main antigen-sampling cells in the mammalian gut: M cells and lamina propria DCs. M cells are specialized cells that sit in the epithelial layer lining Peyer's patches (PPs) and isolated lymphoid follicles, and take up antigen from the intestinal lumen. Microbes and antigens that penetrate the epithelium through M cells are met by a host of organized immune cells in PPs and isolated lymphoid follicles. Both of these tissues drain to the mesenteric lymph node (MLN).
The lamina propria (LP) is a layer of tissue beneath the epithelial cells of the villi that contains several different types of immune cells, including B and T lymphocytes, macrophages, mast cells, and dendritic cells. All of these cells have also been observed in the intestines of teleosts (reviewed in Gomez et al. (2013) ). Mammalian LP DCs can partially penetrate the epithelial layer to access antigens from the lumen of the gut (Niess et al., 2005) . LP DCs then migrate to the MLN where they present captured antigen. DC-like cells have been isolated from zebrafish intestine, but it has not been determined if these cells similarly extend into the lumen (Wittamer et al., 2011 Outside of the LP, the gut-associated lymphoid tissue (GALT) of teleosts is poorly defined. Teleosts apparently lack PPs and MLN, and although M cell-like antigen-sampling cells have been observed in salmonids, M cells have not been identified in zebrafish (Fuglem et al., 2010) . Therefore, despite significant similarities in the resident populations of immune cells in the gut, it is unclear how antigens are sampled from the intestinal lumen and where presentation of these antigens occurs in teleosts. Greater understanding of the unique and conserved features of the zebrafish intestine will further validate its use as a model of host-commensal interactions and intestinal immunity.
APCs in the skin
Teleost skin differs from mammalian skin in that it lacks an outer layer of keratinized epithelial cells and instead possesses a mucus layer, similar to the intestine and gills . Recently, the teleost skin has been proposed as a mucosal organ due to the prevalence of IgT + B cells that accumulate in the epidermis in response to infection (Xu et al., 2013) . IgT + B cells are normally found at low levels in trout skin but increased along with skin mucus IgT levels during infection with Ichthyophthirius multifiliis. In contrast, IgM + B cell numbers and mucosal IgM levels were unaffected by infection. In addition to B cells, DC-like cells and macrophages have been observed in zebrafish skin (Wittamer et al., 2011) . In mammals, several myeloid APCs reside in the skin: LCs, which are the only MPs found the epidermis, conventional and monocyte-derived dermal DC and dermal macrophages (Tamoutounour et al., 2013) . LC and dermal DCs migrate to skin-draining lymph nodes (Henri et al., 2010) . However, like other lymph nodes, cutaneous lymph nodes have not been identified in zebrafish. Additionally, the epidermal and dermal resident MP populations of zebrafish have not been thoroughly investigated.
Perspectives on APCs in zebrafish
In comparison to mammals where the importance of adaptive immunity has been clearly demonstrated, there is very little evidence showing similar dependence in zebrafish. In fact, Ikaros mutant fish, which lack most B and T cells do not have impaired survival rates (Schorpp et al., 2006) . Furthermore, Rag1 mutant fish, which completely lack B and T lymphocytes, are remarkably resistant to secondary infection and are suggested to achieve specific protective immunity through innate mechanisms (Petrie-Hanson et al., 2009; Hohn and Petrie-Hanson, 2012) . This contrasts with the apparent susceptibility of zebrafish to infection in the absence of key innate immune components. MyD88 mutant fish succumb rapidly to infections (van der Vaart et al., 2013) , while MyD88-deficient humans are relatively resistant to many pathogens (von Bernuth et al., 2008) . This difference could point to variations in the requirement of specific adaptor proteins between species or may indicate that zebrafish rely more heavily on innate mechanisms of immunity compared to mammals.
Notably, the faster and more robust immune response that defines adaptive immunity in higher vertebrates has not been consistently observed in zebrafish. Furthermore, there is currently little evidence that affinity maturation plays a major role in fine-tuning secondary responses to infection. This observation is consistent with apparent lack of lymph nodes, Peyer's patches, germinal centers, or other lymphoid tissue organization in zebrafish. Although certain organized lymphoid tissues may exist in other teleosts and even in lower vertebrates, it is possible that zebrafish possess a unique iteration of the immune system that includes the cellular components of the adaptive immune system, but lacks the structures that facilitate antigen presentation and other fine-tuned interactions between cells.
The potential use of zebrafish in studies of adaptive immunity is critically dependent on further characterization of the similarities and differences between mammalian and zebrafish APCs. Finally, while studies in mammals have revealed an ever-expanding range of APC subsets, simpler model organisms provide us with the opportunity to discover the essential unifying features of these cell types.
